Abstract
Abstract

1
We tested the release potential of suppressed giant sequoia (Sequoiadendron giganteum) 2 saplings in a plantation that was overgrown with shrubs at Blodgett Forest Research Station, CA 3 in the mixed conifer forest of the Sierra Nevadas. As an ancillary case study, we compared the 4 shrub removal method of release with a clear-and-plant method in an adjacent stand. 5 Measurements of various morphological traits were collected prior to shrub removal, then 6 sapling height growth response was measured periodically after the release treatment. In general, 7 giant sequoia responded quickly to the removal of competing shrubs, growing steadily for 20 8 years following treatment. Among the morphological traits considered, live crown ratio alone 9 was the most important factor in predicting relative height growth following treatment. Other 10 traits were correlated with release, but had lower importance values as indicated by a model 11 selection procedure. The 16-year old saplings that were released in this study did not grow as 12 large as 2-year old seedlings that were planted synchronously with release, but both methods 13 resulted in merchantable-sized trees 20 years after treatment. Planted seedlings outgrew released 14 seedlings by 27% in terms of stature and by 37% in terms of diameter. The released stand is 15 projected with a growth model to take 12 years longer than the planted stand to grow to an 16 average diameter of 38cm. The misperception of giant sequoia as having a low capacity for 17 release may be related to its ambiguous categorization as a shade intolerant species. 22 Globally, the rising demand for forest products over the latter part of the 20 th century was 23 increasingly met with yields from plantation forests (Sedjo 1999 both its superior growth and its potential for use in intensive forest management (Knigge 1992 ). 6 Interest in management of this species on several continents has been rekindled as plantation 7 managers look for alternatives to traditional single-species plantations (e.g. Maclaren 2004 ). 8 Closer to its native range consisting of disjunct groves on the western slopes of the Sierra 9
Introduction
Nevadas in California, giant sequoia is occasionally planted on both public (Stewart et al. 1994 ) 10 and private land (Heald and Barrett 1999) . As in Europe, it is not planted widely although it has 11 potential as a fast growing tree, outperforming all associated species through the first decade 12 even in small plantations (0.1-1.0 ha; (York et al. 2004) ).
13
Regardless of the species planted, the decision to initiate a forest plantation implicitly 14 commits land managers to a series of treatments between regeneration periods that will ensure 15 maintenance of rapid growth to meet target yields (Daniel et al. 1979 ). Attention to the details of 16 treatments can prove to be influential over large landscapes as degraded forests are restored to 17 biologically and economically beneficial areas (Lamb et al. 2005 suggest that it may be especially prone to suppression (Weatherspoon 1990 release treatment were to be applied. To address these uncertainties, the stand of suppressed 16 saplings at Blodgett Forest was used to set up a long-term management experiment to describe 17 and quantify the capacity of giant sequoia individuals to release from heavy suppression. 18 While release from heavy competition is traditionally considered important as a 19 successional mechanism mainly for shade tolerant species (e.g. Connell and Slayter 1977) , the 20 suppression and release process can profoundly influence successional outcomes for intolerant 21 species as well (Wright et al. 2000) . Quantifying release capacity and assessing morphological 22 indicators of release potential thus provides practical information for plantation management but 23 also provides insight that may be used for restoration or recruitment in less intensively managed detailed description of BFRS, its management, and trends in forest growth and yield. 19 Vegetation at BFRS is dominated by a mixed conifer forest type, composed of variable 20 proportions of five coniferous and one hardwood tree species (Tappeiner 1980 is also seen in giant sequoia during winter months, when nutrient in foliage is translocated to 7 stems. Hence foliage quality ("pale" or "normal") was included as a categorical variable with the 8 expectation that pale trees indicated nutrient stress and therefore had a low probability of release.
9
The second trait was live crown length, expressed as a ratio of total tree height. Live crown ratio 10 presumably reflects the potential amount of leaf area available for photosynthesis upon release.
11
The second and third variables were basal diameter and crown diameter, two measures of tree 12 size that are easily assessed when operating in the field. Basal diameter was measured at 15 cm 13 above the ground, and crown diameter was measured as the maximum crown diameter along the 14 north-south axis of a tree's projected canopy. The predictor variables therefore included 1 15 categorical variable (foliage quality), and 3 continuous variables (height to live crown ratio, 16 basal diameter, and crown diameter).
17
At the time of release, saplings ranged in height from 0.6 to 3.8 meters. Because of the 18 wide range in initial height and to account for these differences in initial height as they may 19 contribute to post-treatment growth, we used relative height growth as the response variable. 20 This removed the effect of the contributing variable of initial height by incorporating it into one 21 collapsed response variable. This has a further benefit over including initial height as a predictor 22 variable because it reduces the number of model parameters (i.e. reduces model complexity). 23 Further, initial height can be assumed to be correlated with later height and is not a variable of Where RELGRO is relative growth and t is the number of years since the release treatment. 7 Given the objective of quantifying each variable's potential as an indicator of release, we 8 chose a technique that could help quantify the relative contributions of each variable in 9 explaining the observed data. In essence, the objective is to know which traits-or certain 10 combinations of traits, are reasonable to consider when judging release potential in the field. The 11 term "reasonable" inherently invokes the principle of parsimony. That is, we want the simplest 12 possible way of explaining as much data as possible. A powerful tool recently emerging in 13 ecology for doing such analyses is model selection (Johnson and Omland 2004) . In this case, we 14 use model selection to assess the different models that can be formed from the host of variables 15 that were chosen to measure. Each variable and the possible combinations of variables form a set 16 of multiple working hypotheses, an approach that stays true to the a priori framework of the 17 study at the time of its initiation, when little was known about giant sequoia physiology. 18 We use generalized linear models to explain variance in the response variable with a set (Table 1) . Across all 4 15 candidates, each variable is represented equally.
5
To rank the models according to goodness of fit while penalizing for model complexity 6 we used Akaike's information criterion (AIC) derived by Sugiura (1978) . The application of AIC means of each treatment area and associated 95% confidence intervals were calculated for 10 interpreting the difference between the two stands. This approach, instead of hypothesis testing, 11 is used to allow a more objective assessment of the magnitudes of differences between the two 12 treatments, rather than relying on a subjectively defined significance level assigned by the 13 authors (Ford 2000; Stefano 2004 ). 14 Finally, both stands are grown using a stand projection model to put the treatment 15 differences in a management context. The distance-independent growth simulator CACTOS 16 (Wensel et al. 1986 ), calibrated with allometric equations developed from local stands, was used. 17 CACTOS is the primary model used by industrial landowners in California mixed conifer forests 18 for simulating growth and assessing yields over time. We simulated the growth of both stands 19 until each stand surpassed an average tree size threshold. An average diameter at breast height of 20 38cm was chosen as the threshold since, given the local market, a first commercial entry would 21 typically be made at or beyond this size threshold. The difference in time it takes for each stand 22 to surpass the average diameter threshold is then considered the "cost" difference of the 23 treatments.
Results
1
In general, giant sequoia released quickly and maintained rapid growth following the 2 release treatment, although the degree to which saplings released varied widely (Fig. 1) . Growth 3 response was best explained by live crown ratio alone (Table 1) . Some evidence for basal 4 diameter and foliage quality as additional important variables is expressed in the second and planted were 27% taller and grew 37% more in diameter, on average, compared to trees that 14 were released (Fig. 3) . When growth is projected into the future, the released stand takes 12 15 years longer than the planted stand to reach the 38cm average dbh size threshold. 
Discussion
17
Although typically considered to be shade intolerant, the giant sequoia saplings persisting 18 beneath the shrub layer in this study were tolerant enough to survive the very low resource 19 environment for many years. Since no areas were left untreated, we do not know the rate at 20 which saplings may have survived and eventually outcompeted or outlived the shrub canopy. 21 Shrub competition was, however, clearly reducing tree growth below levels of growth and ), yet here it also displayed a high capacity to survive under the dense shrub cover. Even for 15 this species, considered to be a fast-growing pioneer (Stephenson 1994) , the persist-and-release 16 phase appears to be a relevant component of its life-history. The longevity with which giant 17 sequoia seedlings can persist heavy shrub competition and the physiological adjustments 18 necessary to adjust from the persistence to the release phase are potential areas of study that have 19 relevance for restoration and management in native groves. 20 The rankings of best performing models suggest that release potential of giant sequoia is 21 best predicted by live crown ratio (Table 1) . Live crown ratio was also a good predictor of future 22 height growth after release for trees of the species red fir (Abies magnifica A. Murr.), white fir, 23 and Douglas-fir (Helms and Standiford 1985) , all associates with giant sequoia. The relative 
